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ABSTRACT 

a971 I 
B i s t a b l e  s i l v e r  s u l f i d e  r e s i s t i v e  memory elements a r e  ob ta ined  by 

p r e s s i n g  t h e  pure  compound, t oge the r  w i th  s i l v e r  and p la t inum e l e c t r o d e s ,  

i n t o  t h i n  pellets. The elements are formed by s teady  a p p l i c a t i o n  of  

v o l t a g e s  i n  t h e  range of  1 t o  10 v o l t s ,  t h e  time r e q u i r e d  being less t h e  

h igher  t h e  vo l t age .  

range  of  2 t o  12 v o l t s  and 15 mi l l i s econds  du ra t ion  a r e  s u f f i c i e n t  f o r  
swi tch ing  between t h e  s t a b l e  high and t h e  s t a b l e  low r e s i s t a n c e  s t a t e s .  

The r a t i o  of t h e  r e s i s t a n c e s  of t h e  high s t a t e  t o  t h e  l o w  s t a t e  may be 3 
t o  lOG o r  more, depending upon t h e  switching vo l t age .  The e n e r g i e s  re- 
q u i r e d  t o  s w i t c h  a r e  of t h e  o r d e r  of  magnitude sf 
depending upon t h e  app l i ed  vo l t age .  Switching occurs  du r ing  t h e  app l i -  

c a t i o n  o f  t h e  pu l se .  

2 v o l t s .  
5 3 x 10 

i s  about 5%. 
tempera tures  w i t h  reduced energies; s t o r e d  informat ion  s u r v i v e s  expesure  
t o  125' C, o r  t o  e l e c t r o n  bombardment. I n  dynamic swi tch ing  t h e  element 
shows a cu r ren t -vo l t age  hysteresis p a t t e r n  w h i c h  may be i n t e r p r e t e d  i n  

terms of a se l f -hea ted  the rmis to r .  Comparisons o f  t h e  c h a r a c t e r i s t i c s  o f  

silver s u l f i d e ,  antimony t r i s u l f i d e  and n i c k e l  oxide,  a s  memory elements, 
show s i l v e r  s u l f i d e  t o  be t h e  p r e f e r a b l e  choice  f o r  space  a p p l i c a t i o n s .  

T h e r e a f t e r ,  pulses o f  the proper  p o l a r i t y  i n  the 

t o  1 watt-second, 

S to red  informatlon may be r ead  nondes t ruc t ive ly  wi th  

For r e s i s t a n c e  r a t i o s  g r e a t e r  than  4, life-times a s  high as 

cycles were ob ta ined  i n  cyc l ing  tes ts ;  t h e  f a i lu re - to - swi t ch  r a t e  

The elements o p e r a t e  i n  vacuum, a t  -196' C, and a t  e l e v a t e d  

Fur the r  s t u d i e s  a r e  d e s i r a b l e  t o  o b t a i n  h igher  r e l i a b i l i t y  through 

t e s t i n g  of o t h e r  methods of f a b r i c a t i o n ,  and t o  e v a l u a t e  further t h e  char-  

a c t e r i s t i c s  of t h e  element w i t h  r e spec t  t o  ope ra t ion  i n  t h e  space envi ron-  

ment .  

i i  
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A STUDY OF ~~~Y ELEWlEFJTS HAVIYG 'I\'& RESISTANCE STATES 

P r i o r  t o  t h e  i n i t i a t i o n  of  t he  work r e p o r t e d  h e r e i n ,  t h e  U " K  

Research Div i s ion  had s t u d i e d  t h e  p o t e n t i a l  u se fu lness  of e l ec t rochemica l  

cel ls  as devices f o r  s to rage  of d i g i t a l  information.  These s t u d i e s  led 

t o  t h e  development of a v o l t a i c  c e l l  w i t h  B s o l i d  e l e c t r o l y t e  c o n s i s t i n g  

of a s o l i d  s o l u t i o n  of two s i l v e r  h a l i d e s  . In a d d i t i o n  t o  t h e  h a l i d e s  

examined i n  t h e  course  of t h i s  s t u d y ,  s i l v e r  s u l f i d e  was t e s t e d  f o r  i t s  
s u i l a b i l i t y  a5 a s o l i d  e l e c t r o l y t e .  Attempts t o  charge  a c e l l  w i t h  t h i s  

compound as t h e  e l e c t r o l y t e  Were n o t  success fu l  because no s t a b l e  po- 

t e n t i a l  d i f f e r e n c e  was developed across the e l e c t r o l y t e ;  t h i s  is  a con- 
sequence of t h e  r e l a t i v e l y  high e l e c t r o n i c  c o n d u c t i v i t y  of t h e  silver 
s u l f i d e ,  By pu l s ing  t h e  charges  and varying t h e  d i r e c t i o n  and magnitude 

of the c u r r e n t  t h r o u g h  the  cell, i t  was found p o s s i b l e  t o  change t h e  re- 
s i s t a n c e  r e v e r s i b l y  between two s t a b l e  states.  It was a l s o  observed 

t h a t  these changes could  be accomplished w i t h  a few v o l t s ,  compared to  
hundreds of v o l t s  r equ i r ed  by o the r  subs t ances  w h i c h  e x h i b i t  b i - s t a b l e  

r e s i s t a n c e  s t a t e s ,  such as n i cke l  oxide. 

1 

Nith t h e  o b j e c t i v e  of  developing, under t h e  program r e p o r t e d  herein, 
a b i - s t a b l e  r e s i s t a n c e  element s u i t a b l e  f o r  space a p p l i c a t i o n s ,  studies 

were mede of t h e  procedures  f o r  prepar ing  such elements, g iv ing  a t t e n t i o n  

t o  such  f a c t o r s  as t h e  composi t ion of t h e  resistive compound, f a b r i c a t i o n  

of t h e  e lements ,  and the na tu re  of t h e  e l e c t r o d e s  and t h e  techniques of 
apply ing  them.  With elements prepared i n  v a r i o u s  ways, e l e c t r i c a l  tests 
were made t o  determine t h e  voltages and p u l s e  d u r a t i o n s  r e q u i r e d  f o r  

t h e i r  ope ra t ion ,  and t h e i r  r e l i a b i l i t y  i n  cyc l ing  tests; t h e  currents 
and e n e r g i e s  a s s o c i a t e d  with switching were a l s o  eva lua ted .  Tests of 
performance were a l s o  made both under exposure and a f t e r  exposure sepa- 

r a t e l y  t o  temperature  and vacuum, as  well as befo re  and a f t e r  exposure 

1 
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t o  e l e c t r o n  beam i r r a d i a t i o n .  

plemented by comparisons w i t h  t h e  performance o f  n i c k e l  ox ide  and a n t i -  

mony t r i s u l f i d e ,  each o f  w h i c h  has  b i - s t a b l e  r e s i s t a n c e  states. 

The results of these e v a l u a t i o n s  a r e  sup- 

FHYSICS OF SILVER SLLFIDE 

The p 
known a s  a r g e n t i t e .  

ters* a t  25' C: 

phase o f  s i l v e r  s u l f i d e ,  which i s  s t a b l e  below 179' C, i s  
I t  i s  monoclinic wi th  the fo l lowing  l a t t i c e  parame- 

c - 7,862 61 
0' 

a 4.279 8 
0' 

bo: 6.931 8 p : 99.61' 

The a phase,  s t a b l e  above 179' C, is  proper ly  d e s i g n a t e d  a s  cubic  a r g e n t i t e .  

The two phases d i f f e r  cons iderably  i n  t h e  n a t u r e  of  t h e i r  e l e c t r i c a l  con- 

d u c t i v i t y ,  a s  shown i n  Figure 1, taken from Hebb . 3 

Among t h e  compcunds having mixed i o n i c  and e l e c t r o n i c  c o n d u c t i v i t y ,  

t h e  monoclinic form o f  s i l v e r  s u l f i d e  i s  w e l l  known f o r  i t s  very high 

c o n d u c t i v i t y ;  t h i s  p roper ty  o f  silver s u l f i d e  has been the o b j e c t  o f  

i n v e s t i g a t i o n s  ex tending  over t h i r t y  o r  more years .  Wore r e c e n t l y ,  
Miyatani4 has  i n v e s t i g a t e d  t h e  p o l a r i z a t i o n  o f  s i l v e r  s u l f i d e ,  and Yokota 5 

has,  i n  a s tudy o f  t h e  theory  of  mixed conduct ion,  made s p e c i a l  r e f e r e n c e  

t o  s i l v e r  s u l f i d e .  These i n v e s t i g a t i o n s  were reviewed by Vendelin6, w i t h  
3 7 e x t e n s i v e  r e f e r e n c e  t o  t h e  work of  Hebb . F r i a u f  has  g iven  a d i s c u s s i o n  

o f  both i o n i c  and mixed c o n d u c t i v i t y  i n  c r y s t a l s  and has  t a b u l a t e d  parame- 

ters f o r  t h e  c o n d u c t i v i t y  equat ions .  

S i l v e r  s u l f i d e  may be nons to ich icmet r ic .  I t s  c o n d u c t i v i t y  has  long 

been known t o  depend on i t s  d e p a r t u r e  from s t o i c h i o m e t r y ,  i n c r e a s i n g  w i t h  

i n c r e a s i n g  s i l v e r  c o n t e n t ,  a s  i l l u s t r a t e d  i n  F i g u r e  1. For s i l v e r  s u l f i d e  

i n  e q u i l i b r i u m  w i t h  s u l f u r ,  t h e  t r a n s p o r t  number f o r  t h e  c a t i o n  has  t h e  

unusual ly  high va lue  o f  0.95 a t  room temperature .  

2 
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Figure 1. Electrical Conductivltg of Silver S u U f k  f. Temperature 
and Compolrition. 



The ionic conductivity may be suppressed by proper choice of elec- 
trodes when the applied potentials are less than the decomposition 
potential of argentite which is about (3.2 v. 

4 
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CHAPTER 11. DISCUSSION 

PREPARATION OF THE MEMORY EtEWWfS 

The silver s u l f i d e  ured i n  making the nrzmory e lements  f o r  t e a t  and 

e v a l u a t i o n  was purchased from t h e  K and K Laboratories, 3estafea, Ffew 

York, as 99.9% pure,  Lb t  No. 33314. To determine &ether Q higher 
p u r i t y  material would s i g n i f i c a n t l y  in f luence  t h e  performance r e s u l t s ,  

very  p u r e  s i l v e r  s u l f i d e  was prepared  by very  slowly r e a c t i a g  chemica l ly  

e q u i v a l e n t  m o u n t s  of s p t c t r o g r 8 p h i c a l l y  pu re  silver and sulfur i n  a 
s e a l e d  tube .  Tests of t h e  conduc t iv i ty  of a p o r t i o n  of the r e s u l t i n g  

b o l e  of t h e  s i l v e r  s u l f i d e  i n d i c a t e d  t h a t  i t  was most l i k e l y  s l i g h t l y  

s i l v e r  rich. 

as a memory element showed t h a t  there wre o t h e r  v a r i a b l e s  i n  the p rocess  

of making t h e  e lements  t han  the inc rease  of  p u r i t y  ob ta ined  w i t h  t h i s  

p r e p a r a t i o n ,  and t h i s  m a t e r i a l  was r e se rved  for f u t u r e  tests. 

Tests of t h e  performance of t h i s  very pure  silver s u l f i d e  

The e l e c t r o d e s  of the memory elements u s u a l l y  c o n s i s t e d  of pla t inum 

These metals were of 99.9% p u r i t y  or b e t t e r .  and of s i l v e r .  

e a r l y  stages of  t h e  work the s i l v e r  e l e c t r o d e  uas made from s i l v e r  

powder, while the p la t inum e l e c t r o d e  uas  i n  t h e  form of  a sheet of f o i l  

approximately 0.06 inch  i n  d i e t e r .  In t h e  latest exper iments ,  t h e  

p l a t inum e l e c t r o d e  was a l s o  formed from powder. 

I n  t h e  

T h e  p e l l e t s  f o r  t h e  memory elements mre prepared  by p r e s s i n g ,  u s ing  

very s imple  hand-metering d e v i c e s  t o  provide  a measured volume of powder. 

The procedure  f i n a l l y  adopted f o r  making r e c e n t  silver s u l f i d e  memory 
e lemen t s  was as fo l lows:  (1) P l a c e  i n  t h e  c a v i t y  of a 0.25 inch  die 
s u f f i c i e n t  silver powder t o  cover t h e  bottom, pmss l i g h t l y  in to  position 
by r o t a t i n g  and t app ing  t h e  p lunger ;  (2) add 55 mg of 100 - 200 mesh 
s i l v e r  s u l f i d e  from a p l a s t i c  d i spenser ,  press i n t o  p o s i t i o n  IS d e s c r i b e d  

above; (3) add about 1 mg of minus 200 mesh  p la t inum powder by m a u s  of 
a p l a s t i c  d i s p e n s e r ,  us ing  a s p e c i a l  aluminum funnel  t o  c o n f i n e  t h e  

p l a t inum t o  a 0.06 i n c h  d iameter  spo t  a t  t h e  center of the p e l l e t ,  press 
l i g h t l y ;  t hen  (4) complete f a b r i c a t i o n  of t h e  p e l l e t  i n  a h y d r a u l i c  

p r e s s ,  us ing  140,000 pounds per square inch. The t h i c k n e s s  of t h e  silver 

5 
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s u l f i d e  p e l l e t s  so prepared i s  nominally 0.007 inch. Elements foremd 

i n  t h i s  way are s u f f i c i e n t l y  s turdy  t o  permit  any reasonable  h8adl ing  

w i t h o u t  breakage. 

The d e n s i t y  of t h e  pellets without  e l e c t r o d e s  w88 determined as 

7.18 g/cm by p y c n m e t e r ;  t h i s  may be compared w i t h  a density of 1.234 
3 

g / c r  
2 by t h e  Nat ional  Bureau of Standards . 

3 

determined from measuremants of a s t o i c h i m e t r i c  silver s u i f i d e  

Pre l iminary  tests were made on s i l v e r  sheets on which a l a y e r  of 
s i l v e r  s u l f i d e  was formed by imnersion i n  l i q u i d  s u l f u r  a t  about  130' 
t o  140' C for  ten rninutes t o  one hour. 

l a y e r  v a r i e d  from about 0.0003 to  0.0015 inch. The unreac ted  silver 
se rved  as one e l e c t r o d e ;  the o t h e r  e l e c t r o d e  was a piece of plat inum 

f o i l  or plat inum wire which was h e l d  aga ins t  t h e  s i l v e r  s u l f i d e  by 
means of sp r ing  pressure. 

Thicknesses  of t h e  s u l f i d e  

EUCTRICAL mDEL OF IVE MEMORY ELEldENT 

The s i l v e r  s u l f i d e  memory element may be e l e c t r i c a l l y  r ep resen ted  

by t h e  equ iva len t  c i r c u i t  of F igure  2, where BLOW and a r e  the 

true b i - s t a b l e  r e s i s t a n c e  va lues  of t h e  a c t i v e  o r  switching p o r t i o n  

o f  t h e  element. 
h i s t o r y  of t h e  device.  

c i r c u i t  t o  represent t h e  pas s ive  o r  non-switching volume of the element. 

This r e s i s t a n c e  can inc lude  such  e f f e c t s  a s  p o l a r i a a t i o n  and t h e  deteri- 
o r a t i o n  of  t h e  e l e c t r i c a l  o r  memory c a p a b i l i t i e s  of t h e  silver s u l f i d e  

element w i t h  t o t a l  ope ra t ion .  

These a r e  dependent upon the i n p u t  energy and t h e  

A s h u n t  r e s i s t a n c e  i s  added t o  t h i s  e q u i v a l e n t  

For 13 given  r e s i s t i v i t y  of s i l v e r  s u l f i d e ,  t h e  i n i t i a l  a-c re- 
s i s t a n c e  of  t h e  memory device before  being switched i s  dependent upon 
t h e  e l e c t r o d e  c o n f i g u r a t i o n ,  the na ture  of t h e  c o n t a c t  t o  t h e  silver 
s u l f i d e ,  and the c h a r a c t e r i s t i c  of the compressed s i l v e r  sulf ide.  
F igu re  3 i n d i c a t e s  t h e  c a l c u l a t e d  v a r i a t i o n  i n  r e s i s t a n c e  for  a 0.%0- 

inch diameter  element comparing a r i g h t  t runca ted  co re ,  BTC, and a 
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I' r i g h t  c i r c u l a r  c y l i n d e r  approximation, The d e r i v a t i o n  of t h e  

former i s  inc luded  i n  the A p p e n d i x i  In  a c t u a l i t y ,  an experimental 
dev ice  w i l l  have en i n i t i a l  r e s i s t a n c e  somewhere between these two 

v a l u e s  o r  curves.  

Depending upon the energy source used i n  Switching, the device  my 
r e q u i r e  a nega t ive  forming v o l t a g e  t o  i n i t i a t e  t h e  breakdown t o  t h e  low 
r e s i s t a n c e  state and thereby  conunence cyclic opera t ion .  The time re- 
quired f o r  t h e  forming ope ra t ion  v a r i e s  from p r a c t i c a l l y  ze ro  t o  many 

seconds depending on t h e  i nd iv idua l  element and the app l i ed  vol tage.  

Af te r  forming, t h e  switching c h a r a c t e r i s t i c s  of t h e  s i l v e r  s u l f i d e  
Negative memory element a r e  p o l a r i t y  dependent,  a s  drawn i n  F igure  4. 

v o l t a g e s  app l i ed  t o  the plat inum e l e c t r o d e  switch t h e  element from a 
high t o  a low r e s i s t a n c e  s t a t e ;  p o s i t i v e  p o l a r i t i e s  r e s t o r e  t h e  element 

t o  i t s  high r e s i s t a n c e  value.  

o p e r a t i o n  a s  desc r ibed  i n  t h e  sec t ion  on Dynamic Switching. 

T h i s  p o l a r i t y  dependence h o l d s  f o r  a-c 

PULSED SNITCHING 

Severa l  d i f f e r e n t  energy sources  and c y c l i c  devices  were app l i ed  t o  
t h e  s i l v e r  s u l f i d e  memory element t o  s tudy  i t s  behavior.  These a r e  de- 
s c r i b e d  i n  the chronologica l  o rde r  of t he i r  usage. 

Cne of the f i r s t  employed two magnet ical ly  a c t u a t e d  r eed  r e l a y s  as 

i l l u s t r a t e d  i n  F igure  5 and Figure 6. 
p o t e n t i a l  a p p l i e d  t o  t h e  Combination memory element and a series 0.75- 
ohm r e s i s t o r .  Res i s t ances  were obta ined  by measuring both t h e  v o l t a g e  
and t h e  current d u r i n g  t h e  pulses .  

a r e  l i s t e d  i n  l a b l e  I. 

h igher  than  t h o s e  shown but  v a r i e d  g r e a t l y .  

s i s t a n c e s  between t h e  two s t a t e s  was l e s s  than  10 and o f t e n  only 4 o r  5 ,  
even when measured w i t h  an a-c bridge. I n  a l l  c a s e s ,  a forming v o l t a g e  
of -2.2 v o l t s  app l i ed  t o  t h e  platinum e l e c t r o d e  f o r  a s u f f i c i e n t  time t o  

A wet b a t t e r y  provided t h e  2 3.2 v 

Sample d a t a  obta ined  by t h i s  arethod 

Res is tance  v a l u e s  were o f t e n  an o rde r  of m a g n i t u d e  
Usually,  the r a t i o  of re- 

9 



Figure 4. Switching Characteristics for a S i lver  Sulfide Memory 
Element 
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TABU I 

Typica l  Yeasurements 

Reed Relay Apparatus 

Stllte V I R 

L O W  0.7 v 2 a  0.35 
High 1.5 v 1.1 8 1.4 

Kes is tance  Ra t io  4.0 

IQW 

High 
1.5 v 0.6 a 1.9 
2.2 v 0.2 a 11 

Res is tance  Ra t io  = 5.8 

form t h e  r e s i r t i v u  pa th  was requi red .  T e s t s  using t h i s  appa ra tus  indi -  
5 c a t e d  lifetiares of approximately 3 x 10 c y c l e s  u n t i l  t h e  two states 

mre indiscernible.  
f a i l u r e  t o  switch. 

No at tempt  was made t o  r eco rd  t h e  frequency of 

Cycl ing speeds n e a r l y  10 times faster t h a n  the reed  r e l a y  appa ra tus  

were ob ta ined  w i t h  t h e  mercury r e l a y  c i r c u i t  of F igure  7. 

dry b a t t e r y  was used t o  s tudy t h e  behavior of the memory elemsnt when 

o p e r a t i n g  a t  h igher  r e s i s t a n c e  r a t i o s ,  and a l s o  t o  observe the  dynamic 

swi tch ing  c h a r a c t e r i s t i c s  desc r ibed  i n  the next s ec t ion .  

element was connected t o  the battery through a l0-ohra s e r i e s  r e s i s t o r .  

Cycl ing  was d i scon t inued  when t h e  r a t i o  of the high r e s i s t a n c e  t o  t h e  

low r e s i s t a n c e  decreased t o  4. A t  100 c y c l e r  p e r  SCCOR~, t h e  lifetime 
u a s  e s s e n t i a l l y  t h e  same a s  t h a t  measured previous ly .  

A 45-vol t  

The laemorj 

F i n a l l y ,  8 f l i p - f l o p  c i r c u i t  u t i l i z i n g  a s i l i c o n  c o n t r o l l e d  recti- 
f ie r ,  F igu res  8 and 9, was used t o  obta in  most of t h e  swi tch ing  and 
cyc l ing  d a t a ,  

Again, a G - v o l t  dry b a t t e r y  and a 10-ohm series r e s i s t o r  mre used. 

A t y p i c a l  vo l tage-cur ren t  p a t t e r n  is shown i n  F igure  16. 

13 
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Higher r e s i s t a n c e  r a t i o s  were obta ined  i o  t h i s  manner, and no forraiag 

v o l t a g e  was r equ i r ed .  Three-hundred m i l l i s e c o n d  v o l t a g e  pulses cuu ld  

be used. Howver ,  improved o p e r a t i o n  was o b t a i s e d  i n i t i a l l y  by re- 
ducing the d u r a t i o n  of the n e g a t i v e  pulse ;  t h i s  allowed e a s i e r  

r e s t o r a t i o n  of t h e  high resistance s t a t e .  

p o s i t i v e  end n e g a t i v e  v o l t a g e  p u l s e s  of 15 m i l l i s e c o n d  d u r r t i o n  ap- 
peared t o  be s u i t a b l e .  

Operation us ing  s y m m t r i c o l  

The h y s t e r e s i s  p a t t e r n  has  been used t o  c a l c u l a t e  t h e  o r d e r  of 
magnitude o f  energy  r e q u i r e d  t o  swi tch  t h e  device .  

watt-second was r e q u i r e d  t o  swi tch  from 300 t o  3 ohms us ing  a 300 
m i l l i s e c o n d  pu l se .  

Approximately 1 

A 2 v o l t  peak, 100-k i locyc le ,  half-wave a-c v o l t a g e  was impressed 

a c r o s s  t h e  series combination of t h e  s i l v e r  s u l f i d e  memory elenrent and 

t h e  10-ohm r e s i s t o r  a s  a means of reading  non-des t ruc t ive ly  t h e  re- 
s i s t a n c e  state between swi tch ing  pulses .  

t r o l l e d  rectifiers i n  the  swi tch ing  c i r c u i t ,  the r e a d o u t  s i g n a l  is 
e s s e n t i a l l y  half-wave a-c having a p o s i t i v e  p o l a r i t y  w i t h  respect t o  t h e  

p l a t inum e l e c t r o d e .  

detected and a u t o m a t i c a l l y  recorded  by t h e  d i g i t a l  vo l tme te r  and p r i n t e r .  
These d a t a  were l a t e r  conver ted  i n t o  the a c t u a l  r e s i s t a n c e  of t h e  m r y  

device.  

t h e  fo l lowing  p u l s e  of o p p o s i t e  p o l a r i t y .  Thus, t h e  d i g i t a l  vo l tme te r  

and p r i n t e r ,  i n  effect, determined the c y c l i n g  speed of this means of 
t e s t i n g  . 

Because of t h e  s i l i c o n  COB- 

The v o l t a g e  across the 10-ohm series resistor was 

The p r i n t  comend s i g n a l  was utilized t o  reset the c i r c u i t  fo r  

T h i s  type  of r eadou t  can be modified to  a ua i -po la r ,  s ing le-pulse ,  

non-des t ruc t ive  readout  system. 
s i n g l e ,  1 v o l t ,  p o s i t i v e  p u l s e  having a d u r a t i o n  of 50 microseconds 

can be used. It must have a long enough r i s e  time, honsver, t o  read i n  
a non-des t ruc t ive  manner as pulses having short rise times w i l l  Switch t h e  

d e v i c e  dur ing  readout.  

bu t  i s  b e l i e v e d  t o  be, ve ry  roughly,  no t  less t h a n  10 microseconds. 

Br ie f  experinrents have shown that  a 

The rise time is n o t  y e t  adequate ly  determined. 
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DYNAMIC SWITCHING 

The s lope  of a c u r r e n t - v o l t a g e  dynamic swi tch ing  c h a r a c t e r i s t i c  in- 

d i c a t e s  t h e  v a r i a t i o n  i n  r e s i s t a n c e  and t h e  a c t u a l  swi tch ing  between 

t h e  bi-stable r e s i s t a n c e  s t a t e s .  By d i sp lay ing  such a c h a r a c t e r i s t i c  

w i t h  a ca thode  r a y  o s c i l l o s c o p e ,  q u a l i t a t i v e  informat ion  was ob ta ined  

on t h e  c a p a b i l i t i e s  of  t h e  memory dev ice  when t h e  o p e r a t i n g  parameters- 

such a s  power, frequency, tempera ture ,  and pressure--were changed. 

F igu re  10 i s  a t y p i c a l  s i n u s o i d a l  cu r ren t -vo l t age  h y s t e r e s i s  

p a t t e r n .  The i a i t i a l  r e s i s t a n c e s  of the high and low s t a t e s  as d e t e r -  

mined by t h e  s l o p e s  o f  the curve,  a r e  3 and 2.8 ohms r e s p s c t i v e l y .  

Th i s  i s  r e p r e s e n t a t i v e  of low-freqdency, low-voltage switching. A 

swi t ch ing  energy of approximately 10 

from t h i s  p a t t e r n .  

i t  may be t r a v e r s e d  for completing 8 swi tch ing  cyc le .  Reversing t h e  

d i r e c t i o n  w i l l  result i n  t h e  t r a v e r s a l  o f  e i t h e r  t h e  low o r  the high 

r e s i s t a n c e  s l o p e s  without switching,depending upon t h e  par t icu lar  state 
of the memory element. 

u s ing  a s ine - t ape r  po ten t iometer ;  t h i s  v e r i f i e d  these o b s e r v a t i o n s  a s  

would be expec ted  since t h i s  method i s  merely an a l t e r n a t e  means of ob- 

s e r v i n g  t h e  p o l a r i t y  dependence necessary f o r  switching. Wi th  t h e  sine- 
t a p e r  po ten t iome te r ,  an o p e r a t i n g  poin t  near t h e  c u r r e n t  maximum i n  t h e  

f i r s t  quadrant  of t h e  hysteresis p a t t e r n  could  be main ta ined  f o r  many 

m i n u t e s  wi thout  t h e  dev ice  swi tch ing  t o  t h e  h i g h - r e s i s t a n c e  state.  
However, a s l i g h t  i n c r e a s e  i n  current with r e s p e c t  t o  t h i s  o p e r a t i n g  

p o i n t  immediately changed t h e  s t a t e  of t h e  device.  Likewise, any p o i n t  

on t h e  high r e s i s t i v e  branch f o r  nzga t ive  p o l a r i t i e s  could  e l s o  be main- 

t a ined .  

a t  l e a s t  p a r t i a l l y ,  i f  no t  e n t i r e l y ,  a t t r i b u t e d  t o  thermal changes i n  

r e s i s t a n c e  r e s u l t i n g  from ohmic h3a t ing  of the  a c t i v e  s i l v e r  s u l f i d e  

m a t e r i a l .  This  p o s t u l a t e  i s  d iscussed  f u r t h e r  i n  t h e  s e c t i o n  on t h e  

e f f e c t s  of temperature.  

-4  watt-seconds has  been c a l c u l a t e d  

Arrows on t h e  p a t t e r n  denote  t h e  on ly  d i r e c t i o n  t h a t  

Such a p a t t e r n  has  a l s o  been produced manually 

T h e  shape of t h i s  h i g h - r e s i s t i v e  branch of t h e  waveform can be 
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Figure 11 d e p i c t s  t h e  v a r i a t i o n  of the cu r ren t -vo l t age  p a t t e r n ,  f o r  

a memory e l a e n t  o r i g i n a l l y  i n  the high r e s i s t a n c e  s t a t e ,  a s  t h e  vol-  

t age  was i nc reas2d  from zero .  I n i t i a l l y ,  f o r  s u f f i c i e n t l y  low vo l t ages ,  

t h e  element d i d  not  switch even t h o u g h  the dynamic slope changed. For 

s l i g h t l y  h ighz r  vo l t ages ,  t h e  element switched from t h e  high t o  t h e  low 
r e s i s t a n c e  s t a t e  and c y c l i c  ope ra t ion  commenced. Higher v o l t a g e s  re- 
duced t h P  r e s i s t a n c e  of t h ?  low s t a t e  s t i l l  further. Thus, s u f f i c i e n t l y  

low a-c v o l t a g e s  may be used f o r  nondes t ruc t ive  readout  of t h e  b i - s t a b l e  

r e s i s t i v e  s t a t e .  

As t h e  frequency was increased ,  Figure 12, t h e  va lue  of  the high 

r e s i s t a n c e  s t a t e  decreased even though the low r e s i s t a n c e  state re- 
mained e s s e n t i a l l y  cons t an t .  A t  f r equenc ie s  nea r  70 t o  100 k i l o c y c l e s ,  

t h e r e  was no ap2arent  switching cycle .  This obse rva t ion  l e d  t o  t h e  use 
of a 100-ki locycle  s i g n a l  f o r  nondes t ruc t ive  readout  w i t h  the s i l i c o n  

c o n t r o l l e d  r e c t i f i e r  f l i p - f l o p  switching c i r c u i t  desc r ibed  on page 9. 
One reason  f o r  t h e  unresponsiveness  to  high f r equenc ie s  i s  o f f e r e d  i n  
t h e  s e c t i o n  d e s c r i b i n g  t h e  e f f e c t s  of temperature .  

'ihe a-c h y s t e r e s i s  f o r  unformed elem?nts  was g e n e r a l l y  similar t o  

those  t h a t  were formed except  t h a t  higher  p o t e n t i a l s  were observed-- 

v o l t s  r a t h e r  than t e n t h s  of v o l t s .  There were, however, two gene ra l  

c l a s s e s  of g a t t e r n s  t h a t  were most o f t e n  seen, as shown i n  Figure 13. 
After forming a low r e s i s t a n c e ,  t h e  memory elements gave similar 

p a t t e r n s  t o  t h a t  p rev iods ly  descr ibed.  

may have been a consequance of u s i n g  a sheet p la t inum e l e c t r o d e  a s  

1 here was a dependence a s s o c i a t e d  with the p res su re  app l i ed  d i r e c t l y  

t o  t h i s  e l e c t r o d e .  

sheet plat inum e l e c t r o d e  by a powdered e l e c t r o d e  of the same m a t e r i a l ,  

a s  desc r ibed  on page 3. 
was made near  the e n d  of t h e  f i n a l  per iod of  t h e  c o n t r a c t ,  and time 

was no longer  a v a i l a b l e  t o  t e s t  e lements  so made as thoroughly a s  

those  made w i t h  t h z  sheet plat inum e l e c t r o d e .  However, i t  was observed 

Figure  14 i n d i c a t e s  t h a t  t h i s  

This  observa t ion  l e d  t o  f h ?  replacement of t h e  

? h i s  change i n  t h e  f a b r i c a t i o n  of  t h e  pellet 
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i n  making f i f t y  memory elements by t h i s  changed f a b r i c a t i o n  that  

v a r i a t i o n s  in  t h e  ?re-forming r e s i s t a n c e s  were s i g n i f i c a n t l y  less 
t han  w i t h  t h ?  sheet  plat inum e lec t rode .  An unformed u n i t  cou ld  a l s o  

be a s s i s t e d  i n t o  swi tch ing  with the  a p p l i c a t i o n  of heat, F igure  15. 

A somewhat d i f f e r e n t  cur ren t -vol tage  r z l a t i o 9 s h i p  was noted when 

squa re  vo l t age  pulses were used f o r  swi tch ing  r a t h e r  than a-c. 
a r e  t h e  p r e f e r r e d  means f o r  switching t h e  s i l v e r  s u l f i d e ,  and a hys- 

teresis p a t t e r n  so ob ta ined  i s  shown i n  F igure  16. With power levels 
much h ighe r  than f o r  t h e  prev ious  a-c example, t h e  two s t a t e s  were 280 

and 3.3 ohms. 
t he  i n a b i l i t y  of  t h e  device  t o  respond thermal ly  t o  t h e  f a s t  r ise  time 

of the square  vo l t age  pulse appl ied  t o  i t ;  thus ,  t h e  high r e s i s t a n c e  

va lue  had less tendency t o  decay t o  a lower va lue  a s  w i t h  t h e  a-c 
o p e r a t i  on. 

Pul ses  

This  type  of h y s t e r e s i s  p a t t e r n  was l i k e l y  caused by 

CYCLING TESTS 

T h i s  s e c t i o n  presents resul ts  of t h e  swi tch ing  and cyc l ing  

measurements made with the t e s t  eqiipment desc r ibed  under t h e  heading 

PULSED SUITCHING. 

memory elements.  ?wo types  of graphs a r e  included:  

t h n  r e s i s t i v e  va lues  f o r  success ive  p u l s e s  from t h e  i n i t i a l  ope ra t ing  
time i n t i 1  t h e  f i r s t  f a i l u r e ;  ( 2 )  a cha r t  ob ta in2d  by sampling every  

20 c y c l e s  o r  p a i r s  of pu l sc s  ( i . e . ,  ? u l s e s  1 and 2, 40 and 41, e tc . )  

and t h u s  e s t a b l i s h i n g  t h e  l i f e t i m e  t r e n d  of t h ?  device.  F igu res  17 

through 20 present such d a t a  f o r  the normal m?mory elements .  Elements 

f o r  t h i s  purpose were s e l e c t e d  from tha t  group of e lements  which had 

gone through a l l  the  ope ra t ions  of t he  r a d i a t i o n  test as desc r ibed  i n  
a subsequent  s e c t i o n ,  bu t  which had not  been exposed t o  i r r a d i a t i o n  

but  i n s t e a d  being i s o l a t e d  and p ro tec t ed  therefrom. The d a t a  from 

one of  these s e l e c t e d  e lements  a r e  shown i n  F igures  17 and 18. ?he 

i n i t i a l  f a i l u r e  occurred  a t  t h e  73rd success ive  p u l s e 8  5.7h of the 

f i r s t  122 swi tch ing  a t t empt s  l ikewise  d i d  not  succeed. The 20,000-ohm 

Data i n  t h e  form of graphs  a r e  p re sen ted  f o r  normal 
(1) a record  of 
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v a l u e  f o r  the high r e s i s t a n c e  s t a t e  i s  the uppe r  l i m i t  of t h e  s e n s i -  

t i v i t y  of t h e  tes t  c i r c u i t ,  and t h e  a c t u a l  va lue  may be much higher.  

I n i t i a l  r e s i s t a n c e  r a t i o s  of approximately 2000 a r e  seen t o  decay t o  

around 100 w i t h  i nc reased  o p e r a t i o n ,  and t h e n  t o  r e t u r n  t o  t h e  o r i g i n a l  

v a l u e  b e f o r e  f i n a l l y  decaying u l t i m a t e l y  t o  t h e  va lue  of  about  5. 

A much s h o r t e r  l i f e t i m e  was e x h i b i t e d  by a s i m i l a r  e lement  which 

accompanied t h e  r a d i a t i o n  test  b u t  was not i r r a d i a t e d ,  F igu re  19. More 
e r r a t i c  behavior i s  a l s o  a??arent ,  both i n i t i a l l y  and throughout i t s  
o p e r a t i n g  l i f e .  A p o r t i o n  of  the c h a r a c t e r i s t i c s  f o r  a t h i r d  element, 
F igu r3  20, seems t o  i n d i c a t e ,  as prev ious ly  noted, t h a t  i n i t i a l  pulse 

d u r a t i o n s  of 330 mil l i s econds ,  a t  l e a s t  f o r  t h e  nega t ive  puis?, a r e  not 

s a t i s f a c t o r y .  S h o r t e r  d u r a t i o n  pu l ses  y i e l d e d  somewhal h i g h e r  r e s i s t a n c e  

v a l u e s  f o r  the high s t a t e  although the maximum va lue  i s  near ly  200 t imes 
l e s s  t han  t h o s e  of t he  two previous  examples. 

T h e  d e t e r i o r a t i o n  of t h e  r a t i o  of r e s i s t a n c e  va lues  f o r  t h e  b i - s t a b l e  

s t a t e s  w i t h  t o t a l  o p e r a t i n g  timo has  been shown t o  be due ? r in ra r i ly  t o  a 

r e d u c t i o n  o f  t h e  high r e s i s t a n c e  s t a t e ,  the low s t a t e  remaining e s s e n t i a l l y  

s t a b l e .  
t h e  c i r c u i t  employing t h e  magnetic reed r e l a y s  r a t h e r  than t h e  s i l i c o n  

c o n t r o l l z d  r e c t i f i e r .  T h i s  aD,izared a s  a de lay  i n  swi tch ing  from t h e  low 

t o  high r e s i s t a n c e  s t a t e  during t h e  a p p l i c a t i o n  o f  t h e  p o s i t i v e  v o l t a g e  

p u l s e .  Eventua l ly ,  t h i s  delay equa l l ed  o r  exceeded t h e  d u r a t i o n  of  t h e  

p u l s e ,  and t h e  device  remainzd e f f e c t i v e l y  a t  i t s  low value .  

Another form of  aging was a l s o  observed, e s p z c i a l l y  when us ing  

The dsvelopment o f  t h e  technique  f o r  Drzparing m m o r y  e lements  w i t h  

t h e  p l a t inum e l e c t r o d e  formed from powder was completed t o o  near  t h e  termi- 

n a t i o n  of t h i s  i n v e s t i g a t i o n  t o  permit v a l i d  c y c l i n g  tes ts  on such  elements. 

THERMAL EFFECT3 I N  CYCLING 

The form of s i l v e r  s u l f i d e ,  being a semiconductor, e x h i b i t s  a nega- 

t i v e  tempera ture  c o e f f i c i e n t  of  r e s i s t a n c e .  This  i n f l a e n c e s  the resistance 
v a l u e s  of a memory element,  p a r t i c u l a r l y  t h e  high s t a t e ,  a s  t h e  tempera ture  
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v a r i e s .  It a l s o  c o n t r i b u t e s  t o  t h e  a c t u a l  switching c h a r a c t e r i s t i c  as 

well. The equat ions  governing t h e  conduc t iv i ty  of s i l v e r  sulf ide a r e  

g iven  by F r i au f  ; Figure  21 i s  a p l o t  of t h e  r e s i s t i v i t y  w i t h  r e s p e c t  

t o  t empera ture  f o r  s i l v e r - r i c h  and s u l f u r - r i c h  s i l v e r  s u l f i d e .  

Miyatami2 i n d i c a t e s  t h a t  a coaduc t iv i ty - t emwra ty re  h y s t e r e s i s  is a l s o  

found f o r  silver s u l f i d e .  I n  both cases ,  t h ?  magnitudes depend g r e a t l y  

upon t h e  d e v i a t i o n s  from s to ich iometry  of t h e  p a r t i c u l a r  s i l v e r  s u l f i d e  

sample. 

7 

These v a r i a t i o n s  i n  r e s i s t i v i t y  a s  a f u n c t i o n  of  tempera ture  g ive  
a clue t o  a t  l e a s t  a p o r t i o n  o f  t h e  swi tch ing  wchanism.  An a-c v o l t a g e  

c u r r e n t  hysteresis  was described i n  t he  s e c t i o n  on Dynamic Switching. 

He o f f e r  an i n t e r p r e t a t i o n  of the behavior o f  t h e  memory element i n  the 

high resistance s t a t e  i n  terms of a s e l f -hea t ing  the rmis to r  analysis*;  

such an a n a l y s i s  h a s  been a p s l i z d  t o  t h e  i n v e r s e  vo l t age  c h a r a c t e r i s t i c s  
9 of a p o i n t  c o n t a c t  d iode  by Hunter . 

l i b r i u m  model f o r  the t h i r d  quadrant o f  a low f requency  swi t ch ing  cyc le .  

T h i s  i s  based upon the  self h,oating of t h e  s i lver  s u l f i d e  and i t s  re- 
l a t e d  change i n  r e s i s t a n c e .  Even though the drawing i s  approximate,  i t  

c l e a r l y  shows t h e  e f f e c t s  observed exper imenta l ly .  For i n c r e a s i n g  i a p u t ,  

t h e  r e s i s t a n c e  con t inues  t o  change and t h e  thermal e q u i l i b r i u m  po in t  a l s o  

changes. This model assumes tha t  the a c t i v e  m a t e r i a l  has  a very small  

volume and can respond r a p i d l y  t o  temp3rature  changes. As t h e  f requency 

of o p e r a t i o n  inc reases ,  the temperature  of t h e  s i l v e r  s u l f i d e  p e l l e t  

i i c r e a s e s  and t h e  i n i t i a l  va lue  of r e s i s t a n c e  i n  the high s ta te  t h u s  

decreases .  F i n a l l y ,  f o r  a h i g h  enolrgh ope ra t ing  frequency,  t h e  temper- 

a t u r e  i s  so h i g h  t h a t  t h e  r e s i s t a n c e  ap?ea r s  e s s e n t i a l l y  t o  be i n  t h e  

low s t a t e .  Such a model has a l s o  been p o s t u l a t e d  mathemat ica l ly  by 

G. L. Pearson'' whose Technical  Memorandum has  r e c e n t l y  been made a v a i l -  

a b l e  t o  us. The swi tch iqg  c h a r a c t e r i s t i c  f o r  square p u l s e s  has been 
shown t o  be markedly different  t h a n  t h a t  ob ta ined  w i t h  s i n u s o i d a l  wave- 

forms. Th i s  can be a t t r i b u t e d  t o  a lack  of thermal equ i l ib r ium;  hence,  
a d i f f e r e n t  v o l t a g e - c a r r s n t  pat tern wozld be expected. 

F igure  22 shows a thermal  e q u i l i -  
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Figure 22. Self-Heating Thermistor Analysis 
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The f i r s t  quadraqt  of the h y s t e r e s i s  p a t t e r n  might be exo la ined  

i n  a s i m i l a r  manner--this t img f o r  a t h e r m i s t o r  t h a t  i s  cool ing  t o  

ambient temporature  a f t e r  b e i n g  switched t o  t h e  high s t a t e .  

This model f o r  t h e  t r a n s i t i o n  from t h e  high t o  low r e s i s t a n c e  

s t a t e  does not a t tempt  t o  expla i f i  the a c t u a l  l a t c h i n g  p r o p e r t i e s  of 

t h e  s w i t c h .  It does account,  though, f o r  a p o r t i o n  of t h e  swi tch ing  

c y c l e  and some of t h e  v a r i a t i o n s  found i n  the h y s t e r e s i s  effect. 

T h e  dependence of t h e  r e s i s t i v i t y  upon the d e v i a t i o n  from 

s t o i c h i o m t r y  wi 11 account f o r  many of the d i f f e r e n c e s  i n  r e s i s t a n c e s  

from c y c l e  t o  c y c l e  and element t o  element. The  i n y t  power f o r  each 

pulse used f o r  switching w i l l  in f luence  t h e  temperature  response of t h e  

a c t i v e  s i l v e r  s u l f i d e  m a t e r i a l ,  and l i k e l y  change t h e  concen t r a t ion  of 
s i l v e r  o r  s u l f u r  i n  t h e  m a t e r i a l  near the switching pa th  and t h u s  t h e  

t o t a l  r e s i s t a n c e  of t h e  memory element. 

Q u a l i t a t i v e  obse rva t ions  of  t h e  swi tchirlg ope ra t ion  a t  e l e v a t e d  

tempera tures  i n d i c a t e d  t h a t  less energy i s  r equ i r ed  than a t  lower 
temperatures .  On the  b a s i s  of the model j u s t  proposed, t h i s  weald be 
e x p x t e d .  

EFFECTS OF EWIGONMEW 

h a d i a t i o n  t es t s  were made t o  ob ta in  a n  i n d i c a t i o n  of the p r o b a b i l i t y  

of t h e  s i l v e r  s u l f i d e  memory el.?ments s u r v i v i q  i n  t h e  space environment. 

Twelve s i l v e r  s u l f i d e  memory elements were exposed t o  a 2.0 Wev e l e c t r o n  

beem from a Dynamatron a t  t h e  Boeirlg Company's Aerospace Div is ion .  

t h e  e n t i r e  r e p o r t  from b e i n g  i s  reproduced i n  Aopend ix I1 , the  p e r t i n e n t  

f e a t u r e s  of t h e  test a r z  summarized i n  Table  11. 

While 

C'f t h e  twelve elempnts i r r a d i a t e d ,  s i x  were i n  the low r e s i s t a n c e  

s t a t e  p r i o r  t o  the tes t ;  the remainder, i n  t h e  high s t a t e .  Each of t h e  

two groups  were f u r t h e r  subdivided so  t h a t  e i t h e r  t h e  s i l v e r  o r  plat inum 

e l e c t r o d e s  were toward t h e  beam. 
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TABLE I1 

Radia t ion  Test Data 

I n t e g r a t e d  E lec t ron  Dose: 
2 3.0 x 10-' (+lqh. -5%) am?-hrs/crn 

7 -or- 
2.8 x 10 r (Go6' e q u i v a l e n t )  

Time f o r  I r r a d i a t i o n :  

834 Seconds 

Average I r r a d i a t i o n  Rate: 

2 0.13 pa/cm 

Temperature i i ise:  

Negl ig ib le ;  less t h a n  2' C 

Inc ident  E lec t ron  Energy S2)zctrum: 

2 Mev 2 0.3% 

A comparison of t h e  r e s i s t a n c e s  before  and a f t e r  t h e  i r r a d i a t i o n  i s  

shown i n  F igures  23 and 24. A l l  of the memory elements  t h a t  were o r i g i -  

n a l l y  i n  t h e  low r e s i s t a n c e  s t a t e  were sh ie lded  by 63.3 m i l  t h i c k  aluminum 

dur ing  the exposure; t h e y  either remairled unchanged o r  were inc reased  i n  

r e s i s t a n c e  by the i r r a d i a t i o n .  These elements o r i g i n a l l y  i n  t h e  high re- 

s i s t a n c e  s t a t e  were unshielded during i r r a d i a t i o n ;  t h e y  a l s o  changed i n  

r e s i s t a n c e .  However, t h e  d i r e c t i o n  of change depended upon t h e  o r i e n t a t i o n  

o f  t h ?  memory element i n  t h e  e l x t r o n  beam. 

e l e c t r o d e  towards t h e  beam decreased i n  r e s i s t a w e .  l i t h  l h e  s i l v e r  

e l e c t r o d e  towards the r a d i a t i o n ,  the  u n i t s  i nc reased  i n  r e s i s t a n c e .  While 

t h e  high-energy e l e c t r o n  beam i s  t h ?  primary source  of r a d i a t i o n ,  high- 

energy x-rays were undoubtedly generated by the e l e c t r o n s  s t r i k i n g  t h 2  

aluminum s h i e l d  a s  well a s  t h e  elements themselves.  I t  i s  reasonablct t o  

h i t s  having t h e  p la t inum 
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I .  
I- b e l i e v e  t h a t  t h e  x-rays c o n t r i b g t e d  t o  the changes observed i n  t h e  

elements. Comparatively,  t h e  e l m t r o n s  would be expec ted  t o  be more 

e f f e c t i v e  when t h e  sma l l e r  p la t inum e l 9 c t r o d e  was towards t h e  beaut; 

t h e  x-rays more e f f e c t i v e  when t h e  l a r g e r  s i lver  e l e c t r o d e  was towards 
I 
i t h e  beam. 

Six o t h e r  s i l v e r  s u l f i d e  memory e l m e n t s  were a l s o  sent t o  b e i n g  

a s  c o n t r o l  elements; these were not i r r a d i a t e d .  Table I11 i n d i c a t e s  

t h e  s t a b i l i t y  of these c o n t r o l  u n i t s .  Those i n  the low r e s i s t a n c e  

s t a t e  changed s l i g h t l y ,  while t h o s e  in  t h e  high r e s i s t a n c e  s t a t e  in- 

c r e a s e d  s u b s t a q t i a l l y ;  however, none switched. 
I 

I 
II T h i s  test g i v e s  a q u a l i t a t i v e  i n d i c a t i o n  of t h e  p r o b a b i l i t y  of sur- 

v iva1  of informat ion  s t o r e d  i n  a silver s u l f i d e  memory elemant t h a t  is 
s u b j e c t e d  t o  a3 intense e l e c t r o n  r a d i a t i o n  environment. No tests were 
made t o  de te rmine  t h e  c a p a b i l i t i e s  of o p e r a t i o n  w i t h i n  such an environ- 

ment. The l i f e t i m e  of these memory elements i s  d r a s t i c a l l y  reduced, 

however, by merely exposing them pass ive ly  t o  t h e  r a d i a t i o n ,  even w i t h  

t h e  s h i e l d i n g  used. 

The results of cyc l ing  t e s t s  on memory elements t h a t  were exposed 

unsh ie lded  t o  the e l e c t r o n  beam are  shown i n  F igu res  25 through 31. A l l  

have shor t ened  l i f e t i m e s  and e r r a t i c  behavior.  

dev ice  t o  a s l i g h t l y  h igher  r e s i s t a n c e  r a t i o  by s u b s t a n t i a l l y  inc reas ing  

t h e  p u l s e  du ra t ion  i s  i n d i c a t e d  f o r  element 3, Figure 27, b u t  is not  

ap?a ren t  f o r  e lewnt  12, F igure  31. 

Rejuvenation of a worn 
I 
I 
I 
I 

Two memory e lzments  t h a t  were sh i e lded  by t h e  63.3 m i l  t h i c k  a luminum 
sheet du r ing  t h 2  i r r a d i a t i o n  performed i n  the c y c l i n g  tests as shown i n  

F i g u r e s  32 through %. Their shortened l i f e t i m e s  and more e r r a t i c  be- 

hav io r  i s  ev iden t .  

The e f f e c t s  of g r e a t l y  reduced ambient p r e s s u r e  on t h e  o q e r a t i n g  

c h a r a c t e r i s t i c s  were q u a l i t a t i v e l y  eva lua ted  by a s i m p l e  eyperiment. 
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L o w  State: 

?ABLE I11 

Stability of Control Elements 

Elern3nt Yo. 

0 - 11 

0 - 12 

0 - 13 

h E S  I S T A  Y C E  

Oriqinal Fi  rlal 

1.37 2. “0 
0.43 0.42 
0.76 0.66 

High S t a t e :  

R E S I S T A Y C E  

Element Yo. 

0 - 7  

0 - 8  

0 - 10 

F i n a l  - Or i Q i nal 

360 553 

125 143 
100 193 

Date of Measurement: 

Original 10-3-63 
Fi nal 10-30-63 
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S i l v e r  s u l f i d e  memory elements were placed i n  a v e s s e l  evacuated  t o  

about 1 x t o  1 x t o r r .  While i n  t h i s  environment,  the c y c l i n g  

c h a r a c t e r i s t  i c s  and s t o r a g e  c h a r a c t e r i s t i c s  were determined. From t h e  

o s c i l l o g r a p h  t r a c e s ,  t h z  3lements ap9eared t o  o ? e r a t e  i n  t h 2  same manner 

as a t  atmospheric pressure. 

An elzment was immersed i n  l i q u i d  n i t rogen  and observed t o  o p e r a t e  

a t  -1%' C. 

O n e  element was set  i n  the high s t a t e  and ano the r  i n  the low s t a t e ,  

and t h e i r  r e s i s t a n c e  v a l u e s  were determilled using a low amp1 tude ,  1 

k i l o c y c l e  a-c s i g n a l  a t  va r ious  times wh i l e  i n  the evacuated  chamber. 

The changes found i n  both r e s i s t a n c e  s t a l e s  were of t h e  same o r d e r  a s  

t h o s ?  changes observed i n  comparable u n i t s  s t o r e d  f o r  a s i m i l a r  p e r i o d  

a t  normal pressure. 

Hes is tance  measurements were made i n  a i r  on memory elements a t  v a r i o u s  

t empera tu res  up t o  200' C t o  determine t h e  r e t e n t i o n  of in format ion .  

e lements  were used i n  t h i s  test;  e l e v e n t s  1 through 3 Were i n i t i a l l y  i n  

the low s t a t e ;  4 through 7 in t h e  high s t a t e .  hes i s t anc r !  measurements 

were made by t h e  a-c b r idge  method. 

Seven 

The r e s u l t s  of t h e  test a r e  shown in Table  IV. T h e  t e s t  was stoppPd 

a t  200' C, and t h 3  u n i t s  were allow?d t o  return t o  room tempera ture ;  t h e  

r e s i s t a n c e  was aga in  msasured. 

a t u r e  a r e  shown i n  the l a s t  l i n e  of Table I V .  

were i n  the low s t a t e  remained in thz low s t a t e  with r e s i s t a n c e s  no t  f a r  

d i f f e r e n t  from the i n i t i a l  25' C va lues ;  those  which were i n  thz  h i g h  

s t a t e  remained i n  t h a t  s t a t e ,  even though t h e  r e s i s t a n c e s  decreased. On 
c o o l i n g  t o  room tempera ture ,  t h o s e  w i t h  the low r e s i s t a n c e s  r e t u r n e d  t o  

r e s i s t a n c e s  roughly equal  t o  o r  higher than  thz o r i g i n a l  va lues .  Those 

i n  t h e  high s t a l e  were s u b s t a n t i a l l y  h igher .  Thus, in format ion  may be 
r ead  a t  1So, and i s  readable  a t  room tempera ture  a f t e r  exposure  t o  200°: 

?he r e s u l t s  a f t e r  r e t u r n i n g  l o  room temper- 

A t  127', t h o s e  p e l l e t s  which 

It i s  t o  be noted t h a t  s t o r e d  informat ion  i s  not l o s t  when t h e  element 

p a s s e s  through t h e  B-a t ransformat ion  a t  179' C .  
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TABLE IV 

Iiesi s t a n c e  V3rsus Tsrnp2rature 

P 

i emp . 
OC - 
25O 

66O 

46' 

98' 

127' 

150' 
1 80° 
Z-JOO 

~ E S I S T A ~ E  IY C A M S  

High State--------- ---- Low State---- --------- 
1 2 3 4 5 6 7 

.46 .67 1 .o 2309 72 lo00 210 

.33  .67 .44 2800 58 1193 2 26 

-34 .67 .44 2200 50 770 165 
.38  .69 .42 300 40 405 lob 
.46 .73  .42  280 20.5 198 68 
.59 .73 -43 63 12.2 64 28 

.61 * 77 .a 23 5.2 24 10.2 

- 5 8  .54 .52 9.0 1.96 8 .8  5.0 

25O . 6  1.37 1.08 4300 142 2000 3400 

S i l v e r  s u l f i d e  memory elements were s t o r e d  a t  a l a b o r a t o r y  tempera ture  

and pressure t o  e v a l u a t e  t h e  r e t e n t i o n  of information. Two shor t - te rm 

s t o r a g e  t e s t s  were made; one f o r  16 hours and one f o r  72 hours .  
are shown i n  Table V. Although some of t h e  measured r e s i s t a n c e  va lues  
changed s l i g h t  ly, none of t h e  elements appeared l o  switch spontaneously.  

The results 

Elment 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

1ABW V 

Short-lerm SLorage 

hES IS'IANCE , C H E  
16 Hours 

I n i t i a l  L a t e r  E lernen t 

' 2 . 3  K 2.55 K 11 

72 44.3 12 

1 . 0  K 1-06 K 13 

210 '1 20 14 

325 360 15 

6 . 9  7 . 5  16 

0.36 0.46 17 

0.65 0.67 19 

0.9 1.0  

0.63 0.60 
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IdZSISTANCE, OHMS 

I n i t i a l  La te r  
72 Hours 

2.45  K 2.85 K 
180 175 

520 890 
4 K  3.85 K 
0.62 0.79 

0.4 0.45 
67.5 393 

0.57 0.7 



The same genz ra l  results wer? obta ined  from elements s t o r e d  f o r  

9 i g h t  months, l a b l e  VI. I n  the long-term s t o r a g e  t e s t ,  t h e  i n i t i a l  

r e s i s t a n c e  measurements were made on April  5, 1963, w i t h  d-c ohmmeter. 

The r e s i s t a n c z s  changed dur ing  t h i s  measurement. I n  the two subsequen t  

mzasurements, August 21, 1963, and January 5, 1964, the r e s i s t a n c e s  were 
measured on a 1 -k i locyc le  low-level a-c bridge. 

Lo ng - Te rrn S t o r a g e  

El?ment 

1 

2 

3 

4 

5 

h E S I S T A N C E  I N  O H M S  

5 apr.  1%3* 21 Aus. 1963 5 Jan. 1964 

10 K 750 570 

6 K  6 20 1.1 K 

6 K  1.34 K 5-10 M (Erratic) 

0.5 1.1 1.73 

0.8 0.8 0.87 

*Pih?sL) maasuremznts were made with a d-c ohmm?ter; the o t h e r s  were 
made w i t h  an a-c bridge. 

An incr3ased  f reqJency  can a l s o  be used f o r  reading  wi th  t h e  a-c 

b r i d g e ,  provided t h e  s i g n a l  l e v e l  i s  low enough t o  k?e? the memory 

element from swi tch ing ,  a s  shown i n  Tabla VII. When thz  s i g n a l  level 
i s  main ta ined  c o n s t a n t ,  a s  was done in t h i s  t e s t ,  no s i g n i f i c a n t  changes 

i n  the impedance a r e  found over t h e  1 t o  13  k i l o c y c l e  range. 
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E 1 em39 t 

1 

2 
3 
4 
5 
6 

7 
f3 

9 

10 

High-St a t e  k s i  s t  ance vs Frequency of Measurement 

I i E S I S T A N C E  I N  O H M S  

1 kc 

25.0 

36.2 
9 .3  

7 .8  
49.0 

6 .4  

9 . 9  
3 .  R 

6 . 3  
36.3 

- 5 kc 

35.0 

37.0 
9 .4  

7.9 
49.3 

6.3 
3 . 8  

5.9 

6.2 
35.0 

- 10 kc 
24.5 

37.0 
9.3 
7.8 

49.6 

6 .3  

3 .7  

5 .8  

6 . 2  

38.2 

S l K K H I X G  PATH 

A study of  t h e  p o t e n t i a l  d i s t r i b u t i o n  in an unused s i l v e r  s u l f i d e  

e l e n s n t  using the s t anda rd  two-dimensional r e s i s t a n c e  paper-and-voltage 

probe technique  f o r  f i e l d  map?ing was made on u n i t s  having t h e  approxi- 

mate dimensions of F ignrz  36. The r e s u l t s  f o r  two e l e c t r o d e  conf igur -  

a t i o n s  a r e  shown i n  Figures  37 and 3. It should be noted t h a t  nea r ly  

t h e  e n t i r e  p o t e n t i a l  d i s t r i b u t i o n  on t he  s i l v e r  s u l f i d e  s u r f a c e  occur s  

very c l o s e  l o  t h e  small e l e c t r o d e ;  t h u s ,  t h e  f i e l d  i n t e n s i t y  i s  con- 

c e n t r a t e d  i n  these small  c i r c u l a r  o r  annular  a r eas .  Such a d i s t r i b u t i o n  

of  p o t e n t i a l  g r a d i e n t  can be c o r r e l a t e d  w i t h  t h e  p a r t i c l e  motion observed 

mic roscop ica l ly ,  a s  w i l l  be descr ibed  s h o r t l y .  T h i s  i n i t i a l  p o t e n t i a l  

c o n f i g u r a t i o n  w i l l  change when the switching c y c l e  commences and w i l l  

undoubtedly con t inue  t o  change throughout the e n t i r e  o p e r a t i n g  l i f e  

of t h e  memory elemznt.  

between t h e  e l e c t r o d e s  i s  r z l a t i v e l y  smal l ,  i t  i s  obvious t h a t  much 

h i g h - . r  f i e l d s  w i l l  ,redominate near  t h e  edges and co rne r s  of t h e  sma l l e r  

Although t h e  average f i e l d  s t r e n g t h  d i r e c t l y  
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e l e c t r o d e .  Ihe r o l ?  of these f i 2 l d s  i n  the forming and swi tch ing  p rocesses  

i s  tlnknown. 

A microscopic  obs2 rva t ion  of t h e  s i l v e r  s u l f i d e  u n i t s  was made a t  60 

t o  120 X dur ing  both t h e  forming process  and t h e  swi tch ing  between t h e  

two s t a b l e  r e s i s t a n c e  s t a t e s .  I n i t i a l l y ,  a tungs ten  needle  was used as one 
e l x t r o d e .  It was soon foand t h a t  the needle ,  if r e s t i n g  on t h e  surface 

o f  t h e  s i l ve r  s u l f i d e  by g r a v i t y ,  wou ld  burrow i t s  way through t h e  wafer 

t o  t h e  s i l v e r  e l e c t r o d 2 .  This ,  bes ides  showing ev idence  of  mel t ing  i n  

t h e  swi tch ing  pa th ,  a l s o  i n d i c a t e d  tha t  the a o r  high-temperature  phase 

of  s i l v e r  s u l f i d e ,  s t a b l e  above 173' C, was formed dur ing  some ? a r t  of t h e  

swi tch ing  process .  

%hen t h e  t i p  of the  tungs ten  needle was moved from the  ax is  and mounted 

r i g i d l y  on o r  very near  t o  t h e  per i?h?ry ,  t h e  a c t u a l  forming p rocess  was 

observed  on t h e  exposed v e r t i c a l  sur face  of  t h e  elemznt.  Dur ing  the p a r t  

o f  t h e  forming o ? e r a t i o n  preceding the true breakdown, m u c h  silver, seem- 
i n g l y  i n  t h e  form o f  m i n u t e  b a l l s ,  came t o  th2 f l a t  s u r f a c e  i n  a l a r g e  

a r e a  sur rounding  t h e  ne3dle  and a l s o  on the  v e r t i c a l  su r f ace .  This ,  o f  

cour se ,  i s  with the nega t ive  2 v o l t s  a p o l i e d  i o  the needle.  During forming, 

a wide Ja th  of  s i l v e r  betweerl the e l e c t r o d e s  was formed. This a ,?arent ly  
t a k e s  a l e a s t  r e s i s t a n c e  r a t h 3 r  than a d i r 3 c t  path.  

Furthermore,  the c o n c s n t r a t i o n  of s i l v e r  was very g r e a t  and spread  

l a t e r a l l y  along the s i l v e r  - s i l v e r  s u l f i d e  i n t e r f a c e .  The a r e a  midway 

between t h e  e x t r e m i t i e s  of t h i s  switching pa th  seemed somewhat d e f i c i e n t  

i n  s i l v e r  r e l a t i v e  l o  t h e  o t h e r  areas .  

and t h e  vary ing  s i l v e r  concen t r a t ions  i n  t h e  swi tch ing  path might  p o s s i b l y  

be a t t r i b u t e d  t o  the dependence of  the d i f f u s i o n  o f  the f ree  si lver on 

temperature .  
d i f f u s e s  i n t o  t h e  c o l d e r  a r e a s  of the s i l v e r  s u l f i d e ;  hence, the si lver 

,,aths would be or thogonal  t o  the equitherrnal l i n e s  between t h e  e l z c t r o d e s  

and t h u s  be p l a t e d  over  a wide a r e a  on the s u r f a c e ,  c o n c e n t r i c  w i t h  the 

small  c i r c u l a r  e l e c t r o d e .  Also. t h e  e l z c t r o d e s  would a c t  a s  e f f e c t i v e  

hea t  s i n k s  and could t h e r e f o r e  cause c o n c e n t r a t i o n  v a r i a t i o n s  i n  t h e  

s w i  tch i ng path.  

"he pre-forming p l a t i n g  of s i l v e r  

Another i n v e s t i g a t o r 6  has observed  t h a t  t h e  f ree  s i l v e r  
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Addi t iona l  motion o f  s i l ve i -  between t h e  e l x t r o d e s  was observed 

du r ing  t h e  swi tch ing  proc5ss .  This  a?peared l i k e  r i p p l a s  o r  waves: 

t h e  d i r e c t i o n  depended upon t h ?  p o l a r i t y  of the  a p p l i e d  p o t e n t i a l .  

‘ l h i s  v i s i b l e  motion of s i lver  i n i t i a l l y  occurred  over  t h e  m t i r e  path 

a l though concen t r a t ed  more in t h e  middle. As the  u n i t  was cyc led  

fur ther ,  t h e  si lver mig ra t ion  gradual ly  became e n t i r e l y  concen t r a t ed  

a d j a c e n t  t o  t h e  tungs t en  needle .  

A t  the same time, the  de lay  i n  switching from t h e  low t o  h igh  s ta te  
became much longer .  Nhen a l l  apparent s i l v e r  motion ceased,  the memory 

e lement  a l s o  f a i l e d  t o  switch.  

- 

Some mel t ing  was a l s o  observed the re .  

More microscopic  obse rva t ions  were made on a wafer having an impressed 

Agai?, dur ing  the  forrn- c i r c u l a r  p l a t i aum e l e c t r o d e  s i m i l a r  t o  F igure  36. 
iqg s t a g e ,  p l a t i n g  of  s i l v e r  ovsr  much of  t h z  s u r f a c e  was observed. 

cause  of  t h i s  t ype  of c o n s t r u c t i o n ,  t h e  a c t u a l  swi tch ing  pa th  could no t  be 
seen. However, a s  t h e  g n i t  s r v i i c h s d  s t a t e s ,  a motion of  s i lver  on t h e  

s u r f a c e  near t h e  exposed plat inum - s i l v e r  s u l f i d e  i n t e r f a c e  was c l e a r l y  
ap?arent .  I h e  momeitary d i r e c t i o n s  co r re spo ided  t o  the y o l a r i t y  of t h e  
a p 2 l i e d  ? o t e n t i a l .  I n i t i a l l y ,  t h i s  motion was seen around t h e  entire 

pe r iyhe ry  of t h e  p la t inum e l e c t r o d e  and ex tending  i n t o  the  s i l v z r  s u l f i d e .  

As c y c l i n g  cont inued ,  t h i s  a c t i o n  eventual ly  became loca l iLed  a t  on ly  a 

few p o i n t s .  As with t h e  p rev ious  example, t h e  de lay  t ime I n  swi tch ing  

aga in  was longer .  I h a t  the motion of p a r t i c l e s  observed was r a d i a l  wi th  

and c l o s e  t o  the small  p la t iaum e l e c t r o d e  i s  not too  s u r p r i s i n g  s i n c e  t h e  

m a j o r i t y  o f  t h e  e l e c t r i c  f i e l d  i s  concen t r a t ed  i n  t h i s  r eg ion .  

El?- 

Several si lver s u l f i d e  memory elements were examined by s e c t i o n i n g  
and by d i s s o l v i n g  t h e  s i l v e r  s u l f i d e  w i t h  a th iourea-hydrochlor ic  a c i d  
s o l u t i o n .  Th i s  a c i d  d i s s o l v e s  s i l v e r  s u l f i d e  a t  a moderate r a t e  and 

a t t a c k s  silver and t h e  e l e c t r o d e  metals  a t  a very  slow r a t e .  
samples  which have bean cyc led  to  f a i l u r e  have shown a f ine  network of 
s i lver  i n  t h e  s i lver  s u l f i d e ,  t h e  amount of s i l v e r  being g r e a t e s t  i n  t h e  

s i l v e r  s u l f i d e  n?ar  t h e  plat inum e l2c t rode .  

Some o f  t h e  
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A n o t h e r  experiment r evea led  t h a t  a photovoltacje was gene ra t ed  when 

an unformed si lver s u l f i d e  element was exposed 

microsecond d u r a t i o n  u n f i l t e r e d  f l a s h  from an FX-1 xenon t u b e .  E l e c t r i c a l  

s c reen ing  and o p t i c a l  masking v a r i a t i o n s  i n d i c a t e d  t h a t  t h i s  vo l t age  was 

gene ra t ed  only  a t  the platinum e l e c t r o d e  - s i l v e r  s u l f i d e  i n t e r f a c e  o r  
s u r f a c e  j u n c t i o n .  

depending on t h e  p a r t i c u l a r  element tested. 
no t  e x h i b i t  t h i s  c h a r a c t e r i s t i c ;  t h u s ,  there i s  some ev idence  t h s t  a 

change i n  the p la t inum - s i l v e r  s u l f i d e  i n t e r f a c e  i s  necessa ry  f o r  oper- 

a t i o n  of  the memory dev ice .  

t o  an approximately 250- 

P o t e n t i a l s  up t o  4G m i l l i v o l t s  could  be genera ted  

Formed and cyc led  u n i t s  d i d  

SLWdAR’I’ OF OPERATING CHACTERISTICS I 

The o p e r a t i n g  c h a r a c t e r i s t i c s  o f  t h e  s i l v e r  s u l f i d e  memory elements 
depend on e l e c t r i c a l  f a c t o r s  such a5 vo l t age ,  p u l s e  d u r a t i o n ,  and p o l a r i t y .  

These f a c t o r s  a r e  i n t e r r e l a t e d  i n  t h a t  t h e y  de te rmine  the r e s i s t a n c e  r a t i o s  

and r e p e a t a b i l i t y ,  along w i t h  o t h e r  c h a r a c t e r i s t i c s .  The o p e r a t i n g  charac-  

t e r i s t i c s ,  i n s o f a r  a s  t h e y  have been determined f o r  e lements  i n  t h e  p r e s e n t  

s t a t e  of development, a r e  summarized i n  t h e  fo l lowing .  
I 

Opera t ing  vo l t ages  i n  t h e  ran(;e of 2 t o  12  v o l t s  a r e  d e s i r a b l e  i n  

o r d e r  t o  ob ta in  adequate r e s i s t a n c e  r a t i o s ,  al though any v o l t a g e  g r e a t e r  

than 0.2 v o l t  may switch the element. The r a t i o  of  t h e  r e s i s t a n c e  i n  the 

high s t a t e  t o  t h a t  i n  the low s t a t e  i n c r e a s e s  a s  the o p e r a t i n g  vo l t age  i s  

r a i s e d .  
I 

Fulses of 15 m i l l i s e c o n d s  du ra t ion  were adequate t o  p rov ide  t h e  neces- 
s a r y  energy f o r  swi tch ing  i n  t h e  vo l tage  range used. 

, 
T h e  current r e q u i r e d  t o  switch ranges from tens o f  milliamperes when 

i n  the high r e s i s t a n c e  s t a t e  t o  approximately an ampere when i n  t h e  low 
s t a t e .  
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-4 Enerqv  of t h e  o r d e r  of magnitud? of 10 wa t t / s ec  is  r e q d i r e d  t o  g i v e  

a r ; s i s t a n c e  r a t i o  of  3. 
g i v e s  r e s i s t a n c e  r a t i o s  of  two o rde r s  of magnitdde g r e a t e r .  

energy  i s  expended in swi tch ing;  some of i t  i n  hea t ing  t h e  element.  

Inc reas ing  t h e  energy t o  approximately I watt-sec 

Some of t h i s  

There is no srvitchina d e l a y  i n  the sense t h a t  swi tch ing  always occur s  

du r ing  the p u l s e ,  al though not n e c e s s a r i l y  i n  t h e  l ead ing  edge of t h e  

pu l se .  

T h e  p l a r i t  i e s  of t h e  e l ? c t r o d e s  determine t h e  swi tch ing  d i r i c t i o n .  
A m s i l i v e  ? o l e n t i a l  on t h e  o1atin:in e l e c t r o d e  i s  r z q u i r e d  t o  switch from 
t h e  low t o  t h e  high r z s i s t a n c e  s t a t e ;  a nega t ive  9 o t e n t i a 1 ,  from i h e  high 

t o  tli? low r e s i s t a n c e  s l a t e .  

L i f e  times a s  h i g h  a s  300,000 cyc le s  have been obta ined ,  with r e s i s t a n c e  

r a t i o s  near 10. For h igh2r  r a t i o s ,  l i f e  t imes  dec rease  i n  some i n v e r s e  

manner w i t h  respect t o  t h e  r a t i o .  F a i l u r ? s  t o  s w i t c h  a r e  randomly d i s -  

t r i b u t e d  throughout t h e  l i f e  t ime, and may amount t o  about 5% or  more of 

t h e  c y c l e s .  

For reading ,  a 2-volt peak, 100-k i locyc le  half-wave, s i n u s o i d a l  v o l t a g e  i s  

s a t i s f a c t o r y .  A s i n g l e  p u l s n  of 50 microseconds d u r a t i o n  can a l s o  be used, 

provided  t h e  r i s z  l i m ?  i s  slow. A ? o s i t i v e  9 o l a r i t y  with r e s p e c t  t o  the 

p la t inum e l e c t r o d e  i s  r e q u i r e d  f o r  reading. 

S t o r e d  informat ion  appears  t o  surv ive  t h e  s p x i f i c  ? l e c t r o n  bombard- 

- ment test made, bu t  t h e  op2ra t ion  was rlot s a t i s f a c t o r y  s i n c e  t h e  element 

f a i l e d  r a p i d l y .  

0 Thz mimory element o p e r a t e s  ai -1% C ,  and a l s o  a t  e l e v a t e d  te rwer-  
a t u r e s  w i t h  reduczd ene rg ie s .  S tored  informat ion  s u r v i v e s  ex?osure  t o  

125O c. 
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CHAFTER 111. FCTURE WORK 

b o n g  the o t j e c t i v e s  sought i n  t h i s  s tudy ,  t h o s e  o f  t h e  v o l t a g e s ,  

c u r r e n t ,  read-out s i g n a l s ,  and minimum power, s a t i s f a c t o r y  f o r  s a t e l l i t e  

o p e r a t i o n ,  have been a t t a i n e d  w i t h  t h e  s i l v e r  s u l f i d e  memory element. 
Other  o b j e c t i v e s ,  such a s  r e l i a b i l i t y  and r e p e a t a b i l i t y  have not  y e t  keen 

f u l l y  r e a l i z e d .  O t h e r  f a c t o r s  need t o  be e v a l u a t e d  more thoroughly,  such 

a s  improvements which may be obtained w i t h  o t h e r  methods o f  f a b r i c a t i o n ,  

and t h e  effects  o f  space environment. 

t h i s  s tudy should te d i r e c t e d  along two l i n e s :  on one hand, towards 

improvement o f  r e l i a b i l i t y ,  e s p e c i a l l y  w i t h  r e g a r d  t o  r e p e a t a b i l i t y  i n  

swi tch ing ,  through t e s t i n g  o t h e r  methods of  f a b r i c a t i o n  cif t h e  elements, 
and en t h e  o t h e r  hand, towards fur ther  e v a l u a t i o n  o f  t h e  c h a r a c t e r i s t i c s  

o f  t h e  elements  w i t h  r e s p e c t  t o  opera t ion  i n  space environment. 

Future  work i n  c o n t i n u a t i o n  o f  

The technique  f o r  making t h e  platinum e l e c t r o d e  from powders de- 

veloped i n  t h e  l a s t  s t a g e s  o f  t h e  s tudy,  gave an i n d i c a t i o n ,  i n  what 

l i t t l e  t e s t i n g  could be done on elements  w i t h  the p la t inum e l e c t r o d e  formed 

i n  t h i s  way, of  a better performance. T h i s  should be pursued,  a s  should 

be o t h e r  methods o f  making connect ions.  

these inc lude  a reduct ion  of the volume and changes o f  the c o n d u c t i v i t y  o f  

s i l v e r  s u l f i d e .  These modi f ica t ions  o f  the method of  f a b r i c a t i o n  should 

be s t u d i e d  and e v a l u a t e d  i n  terms of r e l i a b i l i t y  of  swi tch ing .  

o f  t h i s  phase would be progress  towards b e t t e r  understanding o f  the mecha- 

n i s m  o f  swi tch ing .  

O t h e r  m o d i f i c a t i o n s  deserve  s tudy :  

A bi-product 

The s tudy and e v a l u a t i o n  of  the c h a r a c t e r i s t i c s  o f  t h e  silver su l f ide  

memory elements should be r e f i n e d  and cont inued i n  t h e  d i r e c t i o n  of  ex- 
tending  t h e  de te rmina t ion  o f  the frequency of  f a i l u r e  t o  swi tch  and 

reducing i t ,  a s  well a s  i n  t h e  d i r e c t i o n  of  i n c r e a s i n g  t h e  lifetime i n  

c y c l i n g .  The method o f  record ing  these f a c t o r s  a u t o m a t i c a l l y ,  e s t a b l i s h e d  

i n  the l a t t e r  s t a g e s  of  t h i s  s tudy,  would be used i n  future work along w i t h  

computer methods o f  e v a l u a t i n g  the  d a t a .  Attempts should  be made t o  

measure t h e  energy r e q u i r e d  f o r  switching.  T e s t s  of t h e  e f f e c t s  o f  p r e s s u r e  
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and temperature, t o  simulate &he space environment, need to be widened. 
Ultimately, tests o f  operation o f  a memory plane assembled from silver 
sulfide memory elements appears to be desirable. A t  such a time as it 
can be shown that an array Gf these elements can operate reliably, it 
would then be desirable to establish a research and development program 
for producing t h e  silver sulfide memory elements reliably and economically. 
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This  s tudy of s i lver  s u l f i d e  a s  a memory elemznt having two s t a b l e  

r e s i s t a n c e  s t a t e s ,  & i l E  no t  y e t  complete, h a s  l e d  t o  t h e  conclus ions  which 

f 01 low. 

S i l v e r  s u l f i d e  i s  a b i s t a b l e  r e s i s t i v e  m a t e r i a l  which i s  swi tchable  

between two r e s i s t a n c e  s t a t e s  with 15 mi l l i s econd  pulses of low e n e r g i e s  

a t  low vo l t ages .  h a t i o s  between 3 and 109 o r  more, f o r  t h e  r e s i s t a n c e  i n  
t h e  high s t a t e  t o  t h e  r e s i s t a n c e  i n  the  low s t a t e ,  a r e  ob ta inab le ,  de?ending 

on t h e  ap2l i2d  vo l t age .  
microsecond pulses of 2 v o l t s .  Information s to red  i n  such elements  do?s 

not  d e t e r i o r a t e  during s to rage  f o r  severa l  months, nor i s  i t  l o s t  on ex- 

posure t o  over  125'C, o r  t o  high energy e l 2 c t r o n  beams. 

o22rabl3  a t  -136 C,  as  well a s  i n  vacuum. A l l  of these c h a r a c t e r i s t i c s  a r e  
f avor  a b l e  f o r  s p ace a ;I? 1 i c a t  i o n s . 

6 e s i s t a n c a s  may be read  nondes t ruc t ive lg  with 50 

Such elements  a r e  
0 

There  a r e  two o t h e r  c h a r a c t e r i s t i c s  which, i n s o f a r  a s  t h e y  have been 

s t u d i e d ,  a r z  l z s s  f a v o r a b l e  f o r  those ap , I l i ca t ions .  The l i f e  time of t h ?  

e lement  observzd i n  cyc l ing ,  about 3 x 10 s y c l e s ,  imp l i e s  l imi t ed  s e r v i c e -  

a b i l i t y .  Th:: r a t e  of  f a i l u r e  t o  switch,  about 5%. imp l i e s  t h e  need f o r  

improving r e l i a b i l i t y .  However, t h 3 r e  are i n d i c a t i o n s  t h a t  improvements 

may be obta inzd  by modi f ica t ion  of the design o f  t h 3  element, a s  well a s  

t h e  method of f a b r i c a t i n g  i t .  

5 

On the b a s i s  of t h e s e  ConcIusioqs, i t  i s  recommended t h a t  t h i s  s tudy  

be continiled i n  t h ?  two d i r e c t i o n s  of improvement of  l i f e t i m e  and r e l i a b i l i t y  

by t e s t i n g  changes i n  design and m2thods of f a b r i c a t i o n ,  and of the e v a l u a t i o n  

of t h e  element with rssmxt t o  op?ra t ion  i n  t h 2  space environment. 
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O n e  item of  new technology was developzd dur ing  t h e  pe r iod  of t h i s  

s tudy ,  namely a method of f a b r i c a t i n g  a r e s i s t i v e  memory elanent from 
powdered m a t e r i a l s .  

The p ? f e r r ? d  procedure f o r  making s i l v e r  s u l f i d e  memory e lements  

wi th  t h e  e l s c t r o d e s  a t t a c h e d  t o  t h e  res is t ive p e l l e t  i s  as  fol lows:  

(1) P lace  i n  the c a v i t y  of a '3.25-inch d i e  s u f f i c i e n t  s i l v e r  iiowder 

t o  cover  the  bottom, p re s s  l i g h t l y  i n t o  3 o s i t i o n  by r o t a t i n g  

and tapping  the plunger;  

(2 )  add 55 mg of 100 - 230 mesh s i lver  s u l f i d e  from a p l a s t i c  d i s -  

penser ,  press i n t o  p o s i t i o n  a s  desc r ibed  above; 

(3 )  add about 1 mg of minus 200 mesh >latinurn powder by means of a 
p l a s t i c  d i spense r ,  using a spec ia l  aluminum funne l  t o  conf ine  
t h e  p la t inum t o  a 9.05-inch d iameter  spo t  a t  t h e  center of t h e  

? e l l e t ,  przss  l i g h t l y ;  then 

( 4 )  com?lete  f a b r i c a t i o n  of the pe l le t  i n  a h y d r a u l i c  p r e s s ,  using 

140,000 !Jounds .>er square  inch. 

The t h i c k n e s s  of the s i l v e r  s u l f i d e  p e l l e t s  so pr-.pared i s  nominally 

0.007 i n c h .  Elements formed i n  t h i s  way are s u f f i c i e n t l y  s tu rdy  t o  permit  

any r easonab le  handl ing without  breakage. 

Thz o p e r a t i n g  c h a r a c t e r i s t i c s  of s i lver s u l f i d e  memory e lements  fabr i -  
c a t e d  by t h i s  procedure a r e  g ivzn  in t h ?  s e c t i o n  of t h i s  r e p o r t  "SUMMARY 
OF CPEhATING CHAliACTEliISTICS', ? a g ? s  64 and 65. . 

171-3 development of a 2rocedure f o r  f a b r i c a t i n g  a b i s t a b l e  resistive 
memory i lement  i s  one of t h e  obj:ctives of t h i s  s tudy .  

While t h e  technology desc r ibed  here was developed .>r imari  l y  f o r  f a b r i -  

c a t i n g  a b i s t a b l - .  r e s i s t i v e  memory element,  i t  may be used f o r  f a b r i c a t i n g  

o t h e r  e l z c t x i c a l  dev ices  c o n s i s t i n g  o f  two el.2ctrode.s s e 2 a r a t e d  by s o l i d  
m a t e r i a l s  having any d e s i r e d  c h a r a c t e r i s t i c s .  
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APPENDIX 11. E E C T I I C N  I f ~ k A D I A ' I I O Y  

?'HZ BCE I N G  CCMP A V Y  

S 2 a t  t 1 e, Na s h i ng t o n 
/EM'-SPACE DIVISICY 

FIUAL IiEPCtiT 

E LEC'XhO U I WR AD I ATIC N 

I. Items Received 

The fo l lowing  grou?s  of  Ag2S devices  were rece ived  f o r  

e l e c t r o n  i r r a d i a t i o n :  

Green Group V; s i x  devices  f o r  s e t u p  ? rocedures  

Green Group I; s i x  devices  t o  be i r r a d i a t e d  

Orange Group 11; six devices t o  be i r r a d i a t e d  

Cont ro l  Group 111; not t o  be opened nor i r r a d i a t e d  

Cont ro l  Grou) I V ;  not t o  be op3ned nor i r r a d i a t e d  

11. I r r a d i a t i o n  Requiremsnts 
2 

I. I n t e g r a t e d  does 3 x IO-' amp-hr/cm 

2. Bz.am c u r r e n t  t o  be such as t o  not cause  t h :  dev ice  

temperature  LO exceed 150°C. 

3. Beam energy g r e a t e r  than 0.5 M e V .  

4. One group of s i x  t o  be i r r a d i a t e d  i n  t h e  d i r e c t  beam. 
Cther  group of s i x  t o  be i r r a d i a t e d  through an aluminum 

s h i z l d  of between 300 t o  600 mg/cm . 2 

5. I n  each grolrp of s i x  devices ,  three m u s t  have the i r  Ag 

coa ted  s i d e  toward the inc ident  beam a?d three m u s t  have 

the Ag S s i d e  con ta in ing  t h e  P t  s ?o t  toward t h e  i n c i d e n t  

beam. 
2 
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111. l e s t  Information 

A l l  d ev ices  in  Gr?erl Group I and Praqge Group I1 were i r r a d i a t e d  

a t  t h e  same time. ?his  was accomplished by scanning t h e  ou tou t  

e l e c t r o n  beam over  a 24" path,  measured a t  t h e  scan window 
( . O S "  t i t a n i u m ) .  The devices  were l o c a t e d  3" from the scan 

window, along t h z  beam pa th ,  and as close t o  t h e  zero scan  

p o s i t i o n  of t h e  beam a s  poss ib l e .  

The fo l lowing  steps i n  the i r r a d i a t i o n  were performed: 

1. A low mass, non-metall ic,  device  h o l d e r  was c o n s t r u c t e d  t o  

hold the devices .  The  holder  was l o c a t e d  ap?roximately 1" 

away, para1121 t o  the beam scan path.  

2. A PVC scan p i c t u r e  was made t o  l o c a t e  the exac t  beam t r a c e  

w i t h  r e s p e c t  t o  t h e  holder .  The PVC scan  i s  enclosed.  

2 3. A small  Faraday cup having an e n t r a n c e  o3ening of 1 cm 
was mounted a t  the cen te r  of t h e  scan on t h e  dev ice  holder ,  

and t h e  oy tput  of thz Faraday C U D  r a n  i n t o  an E l  Dorado 

Model C I  110 current i q t e g r a t o r .  A t e s t  r u n  was made t o  

e s t a b l i s h  t h e  c o r r e l a t i o n  betrvezn machi.12 c u r r ? n t ,  Faraday 

cup c u r r e n t  and i r r a d i a t i o n  t ime. A machiae current of 45 

p a  y i e l d e d  a t a r g e t  c u r r e n t  of . 1 4 3 p a  and an i r r a d i a t i o n  

time of approximatsly 800 seconds. 

4. In o r d e r  t o  e s t a b l i s h  the tempera ture  r i se  of a dev ice  

du r ing  i r r a d i a t i o n  on? of t h 3  dev ices  from Green Grou? V 
was e q u i p p d  w i t h  a Fenwall Thermistor  t ype  G B 4 3 J 1  and 

c a l i b r a t e d  over  a range o f  0' t o  150' C. 

r u n  a l o n g  w i t h  the Faraday cup t o  t h e  parameters  e s t a b l i s h e d  

irl s tep 3. P r i o r  t o  i r r a d i a t i o n  t h e  dev ice  temperature  was 

24' C. 

Because of the small  tem2erature  r i s e  i n d i c a t e d  in  t h i s  t e s t ,  

no a t tempt  was made l o  rn2asurd tha tempera ture  r i se  of Green 
Group I o r  Orange G r o q  I1 dur ing  i r r a d i a t i o n .  

i h i s  dev ice  was 

0 During i r r a d i a t i o n  t h e  devic?  tem?erature  r o s e  t o  26 C. 
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This  one device from Green Group V i s  t h e  only device  used 

from t h i s  group. The r3rnaining f ive  i n  t h 2  package have not  

been i r r a d i a t e d .  We enclose t h e  one devic? used w i t h  t h e  

t h e r m i s t o r  moanted on i t ,  a s  well a s  t h e  u n i r r a d i a t e d  ones.  

5 .  A c r o s s  c a l i b r a t i o n  was made between t h e  Faraday cup and 

f l u o r e s c z n t  degrada t ion  i n  c o b a l t  g l a s s  chips.  During a 

one second c a l i b r a t i o n  rl in a t  45 pa beam c u r r e n t  t h e  c o b a l t  

g l a s s  y i e l d e d  a dose f i g u r e  of  36.8 5 . 9  k r  (Co6* e q u i v a l e n t )  

w h i c h  corresponds t o  a 2 Mil3v e l i c t r o n  c u r r e n t  o f  -147  2.02 

fia/cm2. 
c o r r e c t e d  c u r r e n t  of .128  pa. 

? h i s  cornnares favorably w i t h  t h e  Faraday cu? 

6. F i n a l l y  a l l  devices  i n  Green Group I and Qrange Grou? IV 
were i r r a d i a t e d  i n  one r u n  a s  fol lows:  

( a )  Green Group I was r u n  in the  d i r e c t  beam wi th  d e v i c e s  

81, 3, 4 having t h e  Ag 2 l a t e d  s i d e  away from t h e  
i n c i d e n t  beam and $10, 11, 12 with t h e  Ag , l a t e d  s i d e  
toward t h e  inc ident  beam. 'Ihese devices  were p laced  

i n  a l i n e  on one s i d e  of t h ?  Faraday cup .  

Orange Grou? I V  was exposed under a p i e c e  of aluminum 

havirlg a t h i c k n e s s  o f  63.3 mils (we a r e  i n c l u d i n g  t h e  

aluminum s l a b  used),  w i t h  devices  a i ,  4, 5 having t h e  

Ag p l a t e d  s i d e  away from the i n c i d e n t  beam and d e v i c e s  

'f2, 3, 6 w i t h  t h e  Ag p l a t e d  s i d e  toward t h e  i n c i d e n t  beam. 

These devices  were ? l a c e d  i n  a l i n e  on t h e  o p p o s i t e  s i d e  
of  the Faraday cup from Green Group I. 

\*en we o2ened the Crange G r o w  I V  package the numbers 

4 and 3 had come o f f  tWo of t h e  devices .  Also n u m b e r  1 

was so l o o s e l y  a t tached  t h a t  we a r e  not  S J Y ?  t h a t  i t  

may not have t r a n s f e r r e d  in the ;lackage. We ,>laced the  

numbers 4 and 5 back on a r b i t r a r i l y .  ;?e ho?e you can 
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r e s o l v e  which ones are a c t u a l l y  1, 4 and 3. 

r e f a s t e n s d  a l l  t h e  numbers s i n c e  most of t h e m  d i d  no t  

look likz t h e y  w o u l d  s t i c k  on much longer .  

(b )  The t o t a l  i n t e g r a t e d  e l e c t r o n  dose t o  t h e s e  devices  
2 was 3.0 x lo-' (+l@, -5%) amp-hrs/cm . 

7 t o  a dose of 2.8 x 10 r (Cob' e q u i v a l e n t  1. 
? h i s  equa tes  

( c )  The t ime r n q u i r e d  f o r  i r r a d i a t i o n  was 834 seconds. 

2 
( d )  ? h e  average i r r a d i a t i o n  r a t e  was 0.13 pa/cm . 

(e) The temperatgre  r i s e  was negl igible--not  over  s e v e r a l  

deg ree s . 

( f )  lie i n c i d e n t  el3ctron energy spzctrum was 2 Mev 9 . 3 % .  
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APPEYDIX 111, SILVEH SULFIDE COWABED WITH ANTIWNY 
TRISULFIDE AND NICKEL OXIE 

I n  a d d i t i o n  t o  s i lver  s u l f i d e ,  two subs t ances  have been s t u d i e d  and 

t e s t e d  f o r  t h e i r  switching p ro7e r t i e s .  
c a l  and o p t i c a l  p r o p e r t i e s  of antiswny t r i s u l f i d e .  Davis discovered  

t h a t .  when t h i s  subs tance  c o n t a i n s  excess  antimony, B low r e s i s t a n c e  pa th  

i s  formed by a f i e l d  o f  t h e  o rde r  of 10 

t h i s  nons to ieh iorne t r ic  substance was s t u d i e d  by G i l d a r t  e t  a l l 2  who d i r e c t e d  

t h e i r  a t t e n t i o n  mainly t o  t h e  breakdown between two e l e c t r o d e s  a t t ached  t o  a 

. common plane su r face  of t h e  c a s t  su l f ide .  Ih? UNIVAC Lesearch Div i s ion  made 

a b r ie f  t e s t  of  some of t h e  switching c h a r a c t e r i s t i c s  between oppos i t e  sur -  

f a c z s  of nons to ich iomztr ic  antimony t r i s u l f i d e  p e l l e t s  p r i o r  t o  the i n i t i a t i o n  

of  t h e  present work on s i l ve r  s u l f i d e ,  

I n  an i n v e s t i g a t i o n  of t h e  electri- 

3 volts/cm. The swi tch ing  effect i n  

The i ' r i on ic s  Corpora t ion  has  i n v e s t i g a t e d  t h e  c h a r a c t e r i s t i c s  of n i c k e l  

ox ide  a s  a memory element under t h e  t e c h n i c a l  d i r e c t i o n  of Hedden13; re- 
s i s t a n c e  measurements were made between the two f l a t  s u r f a c e s  of 20 mil d i s c s .  

The UYIVAC Research Div is ion  made a s i m i l a r  i n v e s t i g a t i o n ,  u s ing  non- 
s t o i c h i o m e t r i c  n i cke l  oxide,  p r i o r  t o  t h s  i n i t i a t i o n  of t h e  present work on 

s i l v e r  s u l f i d e .  

T r ion ic s .  

much s h o r t e r  useable  l i f e  t imes t h a n  were found i n  t h e  o t h e r  two investi- 
g a t i o n s  of t h i s  oxide.  

The UNIVAC r e s u l t s  a r e  i n  g e n e r a l  agreement with those  of  

€3eadle14 eva lua ted  o x i d e  films formed on n icke l  shee t  and ob ta ined  

Com2arisons of t h e  c h a r a c t e r i s t i c s  of the memory elements, a s  determined 

i n  t h ?  UnJIVAC s t u d i e s ,  are given i n  Table 111-1. The a??roaches t o  these 
s t u d i e s  were s l i g h t l y  d i f f e r e n t :  f o r  exampl?, t h ?  swi tch ing  t imes  f o r  antimony 

t r i s u l f i d e  were determined w i t h  ramp iulses, and t h u s  a r e  t o  be  ex?ec ted  t o  
d i f f e r  from those  determin?d by square wave pulses f o r  t hz  silver s u l f i d e  

and n i c k e l  oxide.  T h e  comparisons shown i n  the  t a b l e ,  conseqJent ly ,  a r e  

v a l i d  mainly i n  a gene ra l  sense; mor? 9r;cise  comparisons cou ld  be ob ta ined  

a t  t h e  expense of r e 3 e t i t i o n  of sone of t h e  work on t h e  antimony t r i s u l f i d e  

and on t h e  n i cke l  oxide.  
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The b a s i c  d i f f e r e n c e  among thzse three compounds i s  t h a t  while  

silver s u l f i d e  i s  a semiconductor,  antimony t r i s u l f i d e  and nickel oxide 

o p e r a t e  much more l i k e  i n s u l a t o r s  and t h u s  r e q u i r e  much h igher  vo l t age  

f o r  switching than  does s i l v e r  s u l f i d e .  Cn t h e  oth;r hand n i cke l  oxide 

r e q u i r e s  much l e s s  en2rgy t o  switch. The high r e s i s t a n c e  r a t i o  obta ined  

w i t h  antimony t r i s u l f i d e  and nickel  ox ide  g i v e s  unusual ly  good d i sc r imi -  

n a t i o n  between the b ina ry  states; nevertheless, the  r e s i s t a n c e  r a t i o  of 
s i l v e r  s u l f i d e  appears  t o  be adequate. 

ox ide  switch from t h e  high s t a t e  t o  t h e  low s t a t e  only a f t e r  d3 lays  which 

were observed t o  range up  t o  700 microseconds. 

observed i n  antimony t r i s u l f i d e .  

Both antimony t r i s u l f i d e  and n i c k e l  

No swi tch ing  pa th  was 

On t he  b a s i s  of t h  przsu”nt knowledge i t  would ap2ear t h a t  s i l v e r  

s u l f i d e  i s  indeed the ? r e f e r a b l e  cho ice  f o r  a memory elernznt f o r  s3ace 
a 9 , i l i c a t i o n s .  However, t h e  acce i t anc?  of s i l v e r  s u l f i d e  should not be 

taken  a t  the  exc lus ion  of a l l  o ther  substances.  The knowledge so f a r  

developed i n  t h e  a r e a  of m a t e r i a l s  with b i s t a b l e  r e s i s t a n c e s  i s  extremely 
meager, and t h e  p o s s i b i l i t y  remains t h a t  oth. j r  subs tances ,  o r  even modi- 

f i c a t i o n  of the p r2sen t ly  known subs tances ,  might l ead  t o  cons ide rab ly  

improved m a t x i a l s .  Es, , loratory and foundat ion  r e s e a r c h e s  a r e  c l e a r l y  

needed i n  t h i s  ar:a, and should be undi r taken  when time permits. 

\ 
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